INTRODUCTION {#sec1-1}
============

Mineral trioxide aggregate (MTA) was introduced in 1993 to seal the communication pathways between the root canal system and the periodontium. MTA was suggested for the repair of root perforations,\[[@ref1]\] as a root-end filling material,\[[@ref2]\] and vital pulp therapy.\[[@ref3]\] Proper biocompatibility and high sealing ability of MTA made it an appropriate material in endodontics.\[[@ref1][@ref4][@ref5][@ref6]\] However, a major drawback for MTA is its long setting time;\[[@ref7]\] therefore, environmental factors can influence the properties of MTA during its long setting reaction. When MTA is used as a root-end filling material, as an apical plug or a perforation repair material in necrotic or open apex teeth, it might be exposed to an acidic environment with a pH value of 5 as a result of inflammation or infection.

Researchers have reported a decrease in MTA surface hardness,\[[@ref8][@ref9][@ref10]\] greater porosity\[[@ref9][@ref10][@ref11]\] and an increase in albumin micro-leakage of MTA samples placed in an acidic environment.\[[@ref11]\] Furthermore, it has been demonstrated that diametral tensile strength and push-out bond strength of MTA cement increase in an acidic environment.\[[@ref12][@ref13]\]

Solubility of dental materials is an important physical property, which influences other physical properties, including micro-leakage; it also determines how long a material is effective.\[[@ref14]\] Therefore, resistance of a material to solubility and dissolution in aqueous environments, including the oral cavity, is very important.\[[@ref3]\] The aim of the present study was to evaluate solubility of white mineral trioxide aggregate (WMTA) in synthetic tissue fluid with pH values of 4.4 and 7.4.

MATERIALS AND METHODS {#sec1-2}
=====================

Twenty-four 1-g sachets of WMTA (Angelus Industria de Produtos Odontologicos S/A, Londrina, Brasil) were provided. Each sachet was opened and weighed with an analytic weighing machine (A × 120 Series, Shimadzu, Japan), accurate to ± 0.0001 g, and mixed with 0.33 mL of distilled water. Each sample was placed in metal rings with an inner diameter of 20 mm and a height of 2 mm, which had been pre-weighed to ± 0.0001 g. Twenty-four samples were prepared and randomly divided into two equal groups. The 12 samples in group 1 were soaked in synthetic tissue fluid with a pH of 7.4 using a 2 cm × 2 cm piece of gauze; the 12 samples in group 2 were soaked in synthetic tissue fluid buffered with butyric acid (Merek, Darmastadt, Germany) at a pH value of 4.4 using a 2 cm × 2 cm piece of gauze. The samples were incubated at 37°C and 100% relative humidity for 21 h. The samples were then placed in a vacuum desiccator and subsequently placed in an oven at 105°C for 20 h. Finally, the samples were weighed using an analytic weighing machine accurate to ± 0.0001 g. The dry powder weight was calculated and recorded by subtracting the weight of the ring from the weight of the sample.

Preparation of the acidic and neutral tissue fluid {#sec2-1}
--------------------------------------------------

Synthetic tissue fluid was prepared by dissolving 1.7 g of KH~2~ PO~4~, 11.8 g of Na~2~ HPO~4~, 2 g of KCl and 80 g of NaCl in 10 liters of water.\[[@ref15]\] The pH of the synthetic tissue fluid in group 1 was adjusted with the use of 0.5 mol of sodium hydroxide at 7.4; in group 2 the pH was adjusted at 4.4 with the use of butyric acid.

Measurement of solubility {#sec2-2}
-------------------------

In group 1, each specimen was transferred into a beaker containing 50 mL of STF with a pH value of 7.4. A highly accurate Autosampler pipette (Epperdorf automatic pipette) was used to exactly control the volume of STF. The beakers were incubated at 37°C and were retrieved from the incubator at 1-, 2-, 5-, 14-, 21-, 30-, 50- and 78-day intervals according to ISO Specification no. 6876. Then the specimen surfaces were rinsed with distilled water. The rinse water in the beakers was evaporated at a temperature slightly below the boiling point. Then the beakers were desiccated at 75°C and dried. The weight of the remaining dry powder was calculated by subtracting the initial weight of the beakers from the weight of the beakers containing the dry minerals.

In group 2, each specimen was transferred into a beaker containing 50 mL of STF at a pH of 4.4, buffered with butyric acid. The dry material was measured at 1-, 2-, and 5-day intervals. From the 5^th^ day on, the samples were placed in beakers containing STF with a pH value of 7.4; the dry material was measured in a similar manner to that in group 1.

The weight of the dry material in the beakers represented the components dissolved in the STF and the components isolated from the samples. Therefore, in order to calculate the amount of components isolated from the samples the weight of the materials dissolved in 50 mL of the STF fluid was calculated and subtracted from the weight of the desiccated material in the beaker. The solubility at each interval was calculated by the following equation:
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The sum of all the values of all time intervals was reported as the cumulative solubility, with the sum at 78-day interval being reported as the total solubility of the material. At the end of the 78^th^ day all the samples were again placed in a vacuum desiccator for 4 h, followed by a 21-h period in an oven at 105°C. Then the samples were weighed accurate to ± 0.0001 g; weight changes of all the samples were calculated in comparison to baseline weights. Data was analyzed with two-factor ANOVA and Bonferroni test. Statistical significance was defined at *P* \< 0.03.

RESULTS {#sec1-3}
=======

Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"} summarize daily solubility at the 9 experimental intervals and the total solubility in each group. Means of total MTA solubility in neutral and acidic pH values were −9.1796 ± 1.9158% and −1.1192 ± 2.6236%, respectively, with statistically significant differences between the two groups (*P* = 0.028). Statistical analysis at each of the 9 time intervals revealed significant differences between the two groups at 5-day and 14-day intervals, with more solubility in the acidic environment compared to that in the neutral environment.

###### 

Daily solubility values of mineral trioxide aggregate at the nine experimental intervals in the acidic and neutral environments (mean±SEM) expressed in percentages
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###### 

Cumulative solubility values of white mineral trioxide aggregate up to 5-day and 9-day intervals (mean±SEM) expressed as percentages

![](JCD-16-257-g003)

Statistically significant differences were also observed at 50-day and 78-day intervals; solubility in the acidic environment was less than that in the neutral environment (group 1). No significant differences were observed between the two groups at other intervals \[[Figure 1](#F1){ref-type="fig"}\].
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Cumulative solubility value was calculated up to each experimental interval in both groups \[[Figure 2](#F2){ref-type="fig"}\], with statistically significant differences between the two groups for all intervals except up to 1^th^ and 2^th^ days. Cumulative solubility value up to day 5 added up to 5.8953 ± 0.6708% and 13.0469 ± 1.6160% in groups 1 and 2, respectively, with statistically significant differences between the two groups (*P* \< 0.001) \[[Table 2](#T2){ref-type="table"}\].
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Regarding the positive solubility values up to day 9, the cumulative solubility values were calculated for both groups up to day 9, compared and statistically analyzed. The results showed greater solubility in the group set and placed in the acidic environment compared to the group placed in the neutral environment (15.0673 ± 2.1235 vs. 6.2740 ± 1.3876) (*P* = 0.002).

Evaluation of weight changes at the end of the study revealed weight increases in both MTA groups: 9.1574 ± 2.14327% and 7.3276 ± 1.58237% in groups 1 and 2, respectively, with statistically significant differences between the two groups (*P* = 0.012).

DISCUSSION {#sec1-4}
==========

In the present study, solubility of WMTA in the buffered STF under neutral and acidic pH values increased in acidic environments. Previous studies have evaluated solubility of MTA in distilled water, which was approximately 3%, less than that determined by ISO specification after 24 h of immersion in distilled water. It has been reported that MTA releases its soluble components in the short- and long-term.\[[@ref16][@ref17]\]

In this study, the samples were placed in STF with pH values of 7.4 and 4.4 during setting and thereafter in order to simulate physiologic and pathologic conditions, respectively, to evaluate WMTA solubility. Butyric acid was used to produce an acidic pH in group 2, which is a by-product of metabolism of anaerobic bacteria.\[[@ref18]\] Based on the fact that subsequent to therapeutic interventions and elimination of the inflamed tissue, the tissue pH increases to that of a neutral environment the samples in group 2 were placed in the acidic environment for only 5 days.

Studies evaluating the effect of acidic pH on the physical and chemical properties of MTA have shown that MTA is influenced by the pH of the environment.\[[@ref8][@ref9][@ref10][@ref11][@ref12][@ref13]\] In the present study, the cumulative solubility of WMTA were greater in the acidic environment compared to that in the neutral environment. Erosion on the surface of cubic crystals, absence of needle-shaped crystal formations, increased porosity and decreased portlandite formation (the main product of MTA hydration, which is calcium hydroxide in crystal form) were observed after MTA was placed in an environment with a pH value of 5. The absence of needle-like crystals in the acidic pH might be attributed to higher surface area and the crystals' rapid dissolution in the acidic environment. The decrease in the density of portlandite was attributed to dissolution of C~3~ A, C~2~ S and C~3~ S in the acidic environment before participating in the formation of portlandite.\[[@ref8]\] Since porosity results in the progression of solubility, the increased MTA solubility in the present study might be attributed to increased porosity and changes in MTA crystalline structure after exposure to an acidic environment.

In the present study, total and daily solubility values after day 9 were negative in both groups. Previous studies have evaluated solubility of MTA in distilled water and their numeric values have been positive.\[[@ref16][@ref17]\] In the present study, STF was used instead of distilled water. MTA has a different behavior in STF compared to that in distilled water. Exposure of MTA to STF, which contains phosphate ions, results in the formation of hydroxyapatite according to the following reaction:\[[@ref19]\]

10Ca^+2^ + 6 \[(PO~4~)^−3^\] + (OH)^−1^ →Ca~10~ (PO~4~)~6~ (OH)~2~

Deposition of hydroxyapatite as an adhering layer on MTA surface and continuation of its deposition inside MTA mass due to its porosity can give rise to changes in the general composition of MTA.\[[@ref19]\] Furthermore, NaCl in STF can be incorporated into MTA composition according to the following formula:\[[@ref20]\]

(Ca, Mg, Na)~10~ (PO~4~, HPO~4~, CO~3~)~6~ (OH)~2~

When NaCl is present during MTA hydration, more nucleation centers and more numerous needle-like crystals will be observed.\[[@ref21]\] In distilled water, hydroxyapatite is not formed in MTA due to the absence of phosphate ions. The negative numeric values in the present study might be attributed to formation of hydroxyapatite and hydration of MTA.

In the present study, the numeric daily and total values of solubility up to day 9 were positive, which is consistent with the results of similar previous studies.\[[@ref16][@ref17]\] Sarkar *et al*. placed MTA samples in STF for 3 days and reported that MTA is soluble in STF and releases its principal cationic components. Calcium, silicate bismuth, iron, aluminum and magnesium were isolated from STF; these elements were traced back to MTA. The most abundant element was calcium because it is highly soluble in biologic fluids.\[[@ref19]\]

Evaluation of weight changes at the end of the present study revealed weight gains in the samples in both groups, which was significantly lower in samples set and placed in an environment with a acidic pH, attributable to a higher initial solubility and disturbances in the normal formation of apatite crystals in acidic pH values. Shie *et al*. reported an increase in the weight of MTA samples placed in physiologic solution, which was attributed to the formation of hydroxyapatite crystals as a result of reaction of MTA components with the physiologic solution.\[[@ref13]\] Immersion of MTA in distilled water resulted in a weight gain of 0.2%, which was attributed to the hydration process and entrapment of water in crystalline matrix structure.\[[@ref22]\]

According to the results of the present study, placement of WMTA in an inflamed tissue increases its solubility and in cases in which a two-session treatment is possible, placement of some medications, including Ca(OH)~2~, is recommended to decrease inflammation. In other cases, such as periapical surgery or vital pulp therapy use of MTA with greater thicknesses is recommended. Therefore, further studies are recommended to make changes in MTA formulation in order to increases in its resistance in acidic environments and its efficacy in various tissue conditions.
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